Searching for single-atom thin materials in the planar structure, like graphene and borophene, is one of the most attractive themes in two-dimensional materials. Using density functional theory calculations, we have proposed a series of single-layer planar penta-transition metal phosphides and arsenides, i.e., TM 2 X 4 (TM = Ni, Pd and Pt; X = P, As). According to the calculated phonon dispersion relation and elastic constants, as well as ab initio molecular dynamics simulation results, monolayers of planar penta-TM 2 X 4 are dynamically, mechanically and thermally stable. In addition, screened HSE06 hybrid functional calculations including spin-orbit coupling show that these monolayers are direct band gap semiconductors, with band gaps ranging from 0.14 to 0.77 eV. Ultrahigh carrier mobilities up to 10 4 -10 5 cm 2 V -1 s -1 both for electrons and holes have been confirmed, among the highest in 2D semiconductors. Our results indicate that planar penta-TM 2 X 4 monolayers are interesting narrow-gap semiconductors with ultrahigh carrier mobility as well as excellent optical properties, and may find potential applications in nanoelectronics and photoelectronics.
Introduction been intensively studied due to their application potential in optoelectronic devices, as well as in energy and catalysis areas [17] [18] [19] [20] [21] . Recently, a series of phosphides such as GeP [22] , GeP 2 [23] , GeP 3 [24] , InP 3 [25] , SnP 3 [26] [27] [28] , CaP 3 [29] , TlP 5 [30] and so forth [31, 32] have been reported to possess excellent electronic and optical properties. For instance, 2D InP 3 undergoes a magnetic phase transition under hole doping [25] ; single-layer SnP 3 was found to be a promising anode material for Na-ion battery [28] ; tetragonal-TlP 5 shows a direct band gap of 2.02 eV with quite balanced carrier mobilities for electrons (1.396 9 10 4 cm 2 V -1 s -1 ) and holes (0.756 9 10 4 cm 2 V -1 s -1 ), even superior to that of phosphorene [30] . Notably, all of these predicted 2D phosphides are of buckling or multi-atomic layer structures.
Very recently, Yuan et al. [33] predicted a novel phase of tetragonal PdP 2 and PdAs 2 with a planar penta-structure. And before that, Liu et al. [34] already predicted another planar penta-Pt 2 N 4 based on the crystal prediction software USPEX. Almost simultaneously, we also predicted planar penta-TM 2 N 4 (TM = Ni, Pd and Pt) based on the bulk crystal structure of PtN 2 [35] . These works reveal that the transition metals Ni/Pd/Pt prefer to form a planar penta-structure when bonded to group VA elements. Moreover, our previously work also shows the inferior stability of Pd 2 To answer these questions, in this work we have systematically investigated the stability and electronic properties of planar penta-TM 2 X 4 (TM = Ni, Pd and Pt; X = P, As) using first-principles calculations. Aside from confirming their stability as standalone 2D materials, all planar penta-TM 2 X 4 (TM = Ni, Pd and Pt; X = P, As) are found to be direct band gap semiconductors with energy band gap values ranging from 0.14 to 0.77 eV as well as high theoretical carrier mobility of 10 4 -10 5 cm 2 V -1 s -1 both for electrons and for holes. Photo-absorption spectra have been analyzed with particular attention, where the results support strong optical absorption of these monolayers, especially in the infrared and visible light regimes.
Computational methods
All calculations were carried out using the planewave-based Vienna Ab initio Simulation Package [36, 37] , with a fixed 500 eV plane-wave kinetic energy cutoff. Generalized gradient approximation (GGA) was used for the exchange-correlation (XC) energy, within the Perdew-Burke-Ernzerhof (PBE) functional form [38] . In addition, the screened HSE06 hybrid functional [39] has been used to calculate more accurate band structures in order to overcome the band gap problem of GGA-PBE. The electrons considered as in the valence were: 3d and 4s for Ni; 4d and 5s for Pd; 5d and 6s for Pt; 3s and 3p for P; 4s and 4p for As. Core electrons were approximated by projector augmented-wave pseudopotentials [40, 41] . In all self-consistent field runs, the convergence criterion for total energy was set to 10 -6 eV between two consecutive electronic steps. Moreover, structural optimization was obtained until the Hellmann-Feynman force acting on each atom was less than 0.01 eV/Å in any direction. A 10 9 10 9 1 Monkhorst-Pack k-grid for Brillouin zone sampling was used for geometry optimization, which was enlarged to 16 9 16 9 1 for static total energy calculations [42] . In order to reduce the interaction between neighboring layers, a vacuum slab of 20 Å along the z-axis was introduced for the 2D monolayers. The phonon dispersion was calculated with the density functional perturbation theory, using the PHONOPY code [43] . We also performed ab initio molecular dynamics (AIMD) simulations to evaluate the thermal stabilities. In the AIMD simulations, the PBE functional and NVT canonical ensemble were used, and a 4 9 491 supercell was annealed at various temperatures. Each simulation lasted 5 ps with a time step of 1.0 fs.
Results and discussion
Crystal structure and stability Figure 1 shows the predicted crystal structures of planar penta-TM 2 X 4 (TM = Ni, Pd and Pt; X = P, As), for which we shall use the notation pp-TM 2 X 4 for short. Over the six pp-TM 2 X 4 monolayers, the metal atom always resides at the center of a square-planar crystal field formed by four phosphorus or arsenic dimers, leading to four pentagon rings in a unit cell, as demonstrated in Fig. 1a . The calculated structural parameters are listed in Table 1 , where the optimized lattice constants are 5.55/5.86/5.83 Å for pp-(Ni/Pd/ Pt) 2 P 4 , respectively. The corresponding bond lengths (i.e., l TM-P and l P-P ) are 2.16/2.11 Å for pp-Ni 2 P 4 , 2.32/2.06 Å for pp-Pd 2 P 4 and 2.30/2.07 Å for ppPt 2 P 4 , respectively. The P-P bond distances of pp-TM 2 P 4 are smaller than that of black phosphorus (l P-P = 2.42/2.38 Å ) [44] and blue phosphorus (l P-P = 2.27 Å ) [45] , indicating the stronger P-P bonding in pp-TM 2 P 4 . For pp-TM 2 As 4 , the lattice constants are 5.89/6.19/6.16 Å for pp-(Ni/Pd/Pt) 2 As 4 , and the corresponding bond lengths (i.e., l TM-As and l As-As ) are 2.27/2.34 Å for pp-Ni 2 As 4 , 2.42/2.31 Å for ppPd 2 As 4 and 2.40/2.32 Å for pp-Pt 2 As 4 , respectively. The As-As bond lengths in pp-TM 2 As 4 are smaller than that of buckled arsenene (l As-As = 2.486 Å ) [46] and puckered arsenene (l As-As = 2.501/2.485 Å ) [47] , suggesting the strong As-As bonding in pp-TM 2 As 4 , similar to that of pp-TM 2 P 4 . The anomalous change in lattice constants and bond lengths of pp-Pd 2 X 4 (X = P, As) have been noticed, which was also observed in pp-TM 2 N 4 (TM = Ni, Pd and Pt) [35] . Since the bond length is related to the bonding strength and the nature of chemical bonds, shorter bond lengths reflect stronger bonding and higher stability. Therefore, it is inferred that the anomalous behavior in pp-Pd 2 X 4 (X = P, As) will directly affect the relative stability of its structure.
For 2D material prediction, the stability (including thermal stability, dynamic stability and mechanical stability) is a primary issue to be considered. We first calculated the cohesive energies to evaluate the thermal stability of pp-TM 2 X 4 , defined as
, where E TM , E X and E TM 2 X 4 are the calculated energies of a single TM atom, a single X atom and that of pp-TM 2 X 4 , respectively. As listed in Table 1 , the calculated cohesive energies are 4.09/3.67/4.49 eV for pp-(Ni/ Pd/Pt) 2 P 4 and 3.55/3.18/3.90 eV for pp-(Ni/Pd/ Pt) 2 As 4 , respectively. In comparison, the cohesive energies for phosphorene, arsenene and antimonene at the same theoretical level are 3.48 eV [33] , 2.989 eV [47] and 2.87 eV [48] , respectively. Although our results of pp-Pd 2 X 4 are lower than that of phosphorene, they still show considerable stability compared with arsenene and antimonene, which have been successfully synthesized nevertheless [3, 49, 50] . Furthermore, the thermal stabilities were also examined by AIMD simulations. The atomic configurations and free energy variations for pp-Ni 2 P 4 /Pd 2 P 4 / Pt 2 P 4 /Ni 2 As 4 /Pd 2 As 4 /Pt 2 As 4 , after heating at 500/500/500/500/300/500 K for 5 ps, are shown in Fig. S1 . Neither geometric reconstruction nor bond breaking has been discovered during the whole process, suggesting that these planar monolayers may exist as freestanding 2D materials. The variation of free energy only shows slight oscillation (* 0.05 eV/atom). Hence, once the as-studied pp-TM 2 X 4 monolayer is synthesized, it can remain stable and robust at room temperature. We have confirmed the thermodynamic stability of pp-TM 2 X 4 through the cohesive energy analysis and AIMD simulations.
Phonon dispersion calculations were performed to further verify the dynamic stability of pp-TM 2 X 4 , and the corresponding phonon spectra and phonon density of states are shown in Fig. 2 . While very tiny imaginary frequencies are observed in pp-Ni 2 P 4 (about -6.2 cm -1 ) and pp-Pd 2 As 4 (less than -1.0 cm -1 ), which, however, stem from the computational error, no imaginary frequencies are observed in other four systems. Therefore, we confirm that all the pp-TM 2 X 4 monolayers under investigation demonstrate structure rigidity and stability. In addition, it is noteworthy that the highest frequencies are 544/576/574 cm -1 for pp-(Ni/Pd/ Pt) 2 P 4 and 332/319/317 cm -1 for pp-(Ni/Pd/Pt) 2 As 4 , respectively, which are higher or comparable to that of phosphorene (440 cm -1 ) [51] and arsenene (305 cm -1 ) [47] . Besides, the two highest optical modes in pp-TM 2 P 4 originate from the P-P bond, while those of pp-TM 2 As 4 are related to the As-As and TM-As bonds. These phonon dispersion relations and phonon density of states results support that the TM-X and X-X bonds are rather robust in these monolayers.
In addition, we also carried out mechanical stability tests by calculating the independent elastic constants of pp-TM 2 X 4 , where the results are listed in Table S1 . For a mechanically stable 2D sheet, the elastic constants need to satisfy C 11 C 22 À C 2 12 [ 0 and C 66 [ 0 [52] . As shown in Table S1 , the tetragonal symmetry of pp-TM 2 X 4 yields C 4 , respectively, which are higher than that of graphene (0.173) [53] and BN (0.220) [54] . These six nanosheets are all positive Poisson's ratio materials, unlike penta-graphene (-0.068) [55] and phosphorene (-0.027) [44] .
Bonding characteristics
Next, the electron localization function (ELF) [56] [57] [58] [59] and Bader charges [60] [61] [62] were calculated to understand the bonding characteristics of pp-TM 2 X 4 . As shown in Fig. 3 , ELF = 1 represents perfect localization; ELF = 0.5 corresponds to the free electron-gas; and ELF = 0 means the absence of electrons. In pp-TM 2 X 4 , most of the electrons are localized in the region of phosphorus (arsenic) atoms, and there are clearly strong covalent bonding between the neighboring phosphorus (arsenic) atoms. Apparently, the P-P bond is stronger than the As-As bond, reflected by the higher value of ELF along the P-P bond. Furthermore, the ELF values around the metal elements get enhanced from Ni to Pt. For instance, there is almost no valence electron Table 1 Calculated lattice constant a, bond lengths l TM-X , l X-X , cohesive energy E c and the amount of charge transfer (T e ) from the TM atom to the X atom (in Bader gauge) of pp-TM 2 X 4 monolayers On the other hand, the results of Bader charge analysis are also listed in Table 1 , for the sake of a deeper understanding into the bonding characteristics of pp-TM 2 X 4 . Two distinct scenarios have been observed. In one case, the TM atom donated its valance electrons to the bonded neighboring phosphorus (arsenic) atoms. In the other case, the opposite charge transfer direction was identified. For the first situation, the calculated Bader charges are ? 0.357 e and {-0.160 e, -0.197 e} for Ni and P in pp-Ni 2 P 4 , ? 0.107 e and {-0.027 e, -0.080 e} for Pd and P in pp-Pd 2 P 4 , ? 0.131 e and {-0.051 e, -0.080 e} for Ni and As in pp-Ni 2 As 4 , respectively. For the second situation, the calculated Bader charges are -0.064 e and {? 0.006 e, ? 0.058 e} for Pt and P in pp-Pt 2 P 4 , -0.096 e and {? 0.029 e, ? 0.067 e} for Pd and As in pp-Pd 2 As 4 , -0.311 e and {? 0.133 e, ? 0.178 e} for Pt and As in pp-Pt 2 As 4 , respectively. The anomalous electron transport is consistent with our previous ELF analysis. The two opposite situations can be explained by the difference in electronegativity. The electronegativities of P and As are 2.19 and 2.18, while that of the TM atoms are 1.91, 2.20 and 2.28 for Ni, Pd and Pt, respectively. The relative order of electronegativity is therefore:
Hence, Ni will lose its valence electrons no matter whether it is bonded to phosphorus or arsenic atoms, while the opposite situation is Pt, which obtains extra electrons from the bonded phosphorus or arsenic atoms. When it comes to Pd, however, both situations may occur as the difference of its electronegativity with respect to phosphorus or arsenic is very tiny.
Electronic properties
Subsequently, we investigated the electronic structures of pp-TM 2 X 4 through calculating their energy band diagrams. Since some heavy elements are involved in pp-TM 2 X 4 , the spin-orbit coupling (SOC) effect may not be neglected. Accordingly, the band structures of pp-TM 2 X 4 were calculated either with or without SOC. Before the discussion on energy band gaps of pp-TM 2 X 4 , we have tested the relationship between the plane-wave kinetic energy cutoff and the band gap value. Taking pp-Ni 2 P 4 as an example, its calculated band gap increases very slowly when the plane-wave kinetic energy cutoff changes from 400 to 650 eV, as summarized in Table S2 . Hence, the planewave cutoff energy used in this work, i.e., 500 eV, is sufficient to yield accurate electronic structures for Table 2 ). The corresponding band structures are shown in Fig. S2 . It is well known that DFT-GGA tends to severely underestimate the band gaps of semiconductors and insulators [63, 64] ; thus, we further employed the screened HSE06 hybrid functional for more accurate results. According to HSE06 (with and without SOC) calculations, the band gaps of pp-TM 2 X 4 are 0.65(0.81)/0.69(0.74)/0.37(0.54) eV for pp-(Ni/Pd/Pt) 2 P 4 and 0.37(0.55)/0.43(0.80)/ 0.14(0.18) eV for pp-(Ni/Pd/Pt) 2 As 4 , respectively. Therefore, except for pp-Pd 2 X 4 and pp-Pt 2 As 4 whose band gap differences are less than 0.05 eV with and without considering SOC, the SOC has significant influence on the electronic properties of pp-TM 2 X 4 sheets. For example, in pp-Pt 2 P 4 the difference with/ without SOC is as large as 0.17 eV. As shown in Fig. 4 , all pp-TM 2 X 4 are direct band gap semiconductors with the valence band maximum (VBM) and conduction band minimum (CBM) both locating at the M-point, similar to that of the penta-Pt 2 N 4 [34, 35] . The band gaps of pp-TM 2 X 4 are in a wide range from 0.14 to 0.77 eV, comparable to that of InSb (0.24 eV), InAs (0.41) and Ge (0.74 eV) [65] . The narrow and direct band gap nature implies useful application potential of pp-TM 2 X 4 for solar cells and infrared detectors.
To further understand the orbital contributions to the electronic structure, we analyzed the total and partial electronic density of states (DOS) of these six monolayers, as shown in Fig. 5 . The results reveal that the DOS above the Fermi level (0-0.5 eV) for pp-TM 2 X 4 is primarily stemming from P(As)-p z orbitals. Yet, the DOS below the Fermi level (-0.5 to 0 eV) is much more complicated. For TM = Ni, Pt, the P (As)- p z and Ni (Pt)-d xz orbitals dominate. In the pp-Pd 2 As 4 system, however, except for the As-p z and Pd-d xz components there are also contributions from the Ass ? p x ? p y orbitals. And for pp-Pd 2 P 4 , the DOS below the Fermi level primarily consists of the P-s ? p x ? p y orbitals. Apparently, there are strong orbital hybridizations between the TM atoms and X atoms, leading to superior stability, just as proven by the above results on stability analysis.
Carrier mobility
In order to explore the application potential of pp-TM 2 X 4 in electronic devices, we systematically calculated the carrier mobility (electrons and holes) based on the deformation potential (DP) theory proposed by Bardeen and Shockley [66] . The carrier mobility of 2D materials can be evaluated by the following equation [29, 67, 68] 
, where E is the total energy of the 2D structure and S 0 is the lattice area of the equilibrium supercell. The deformation potential constant E i l is defined as E i l ¼ DE i =ðDl=l 0 Þ. Here, DE i is the energy change of the ith band (either the topmost valence band for the hole or the lowest conduction band for the electron) under proper cell compression and dilatation (calculated using a step of 0.5%), l 0 is the lattice constant in the transport direction, and Dl is the deformation of l 0 . Our carrier mobility calculations were all based on the screened HSE06 hybrid functional and considering the effect of SOC (the details are shown in Figs. S3 and S4). As s+p x +p y
As p z The results are summarized in Table 3 , where the deformation potential constants and elastic moduli are isotropic because of the tetragonal symmetry. On the other hand, the carrier effective masses are obviously anisotropic, which mainly stems from the effect of SOC on energy band structures (Fig. 4) . In general, the effective masses of pp-TM 2 X 4 are relatively small (less than 0.30 m e ). By joint action of a large elastic modulus and a small deformation potential constant (expect for the conduction band electron in pp-Ni 2 P 4 , i.e., 5.23 eV), ultrahigh mobilities for both electrons and holes have been achieved in pp-TM 2 X 4 , in the order of 10 4 -10 5 cm 2 V -1 s -1 . These values are much larger than that of 2D TMDCs [69] . Therefore, monolayer pp-TM 2 X 4 would be particularly suitable for nanoelectronic applications.
Optical properties
To assess the applicability of pp-TM 2 X 4 monolayers in optoelectronic devices, we calculated their optical properties using the screened HSE06 hybrid functional. The transverse dielectric function eðxÞ is used to describe the optical properties of materials [70] : eðxÞ ¼ e 1 ðxÞ þ ie 2 ðxÞ; where x is the photon frequency, e 1 ðxÞ and e 2 ðxÞ are the real and imaginary parts of the dielectric function, respectively. The absorption coefficient can be evaluated according to the expression aðxÞ ¼ ffiffiffiffi ffi however, is weaker than that of silicon. The in-plane absorption is around 10 times that of out-of-plane (Fig. 6a, b) , due to the larger cross-sectional area. In general, pp-TM 2 X 4 monolayers are more suitable for optical absorption in the infrared region.
Conclusions
In summary, a new series of 2D planar penta-TM 2 X 4 (TM = Ni, Pd and Pt; X = P, As) monolayers have been predicted by first-principles calculations. The structures show excellent dynamical, mechanical and thermal stabilities. Direct band gaps ranging from 0.14 to 0.77 eV have been confirmed, considering the effect of spin-orbit coupling. Ultrahigh carrier mobilities for both electrons and holes (typically [ 10 4 cm 2 V -1 s -1 ) and remarkable optical absorption, especially in the infrared and visible light regions, have been confirmed in the six nanosheets. The pronounced electronic and optical properties may render pp-TM 2 X 4 monolayers promising candidates for nanoelectronic and optoelectronic devices.
